ity it causes and, therefore, favor even more virulent strains. Conversely, relatively avirulent strains will tend to maintain viscous populations, thereby selecting for less virulence. Because both states are locally evolutionarily stable, the pathogen evolves to either low or high virulence, depending on the initial virulence.
If a change to a much higher virulence occurs in a parasite in a population where there are susceptible hosts, the virulent strain creates vacant space as it spreads through the population, owing to its high mortality. This sparser population structure would then favor the more virulent strain. A large change in virulence, which may be generated through, for example, recombination, along with the availability of susceptible hosts would therefore allow the pathogen population to move rapidly from one evolutionarily stable state to the other (Fig. 2) . Because major changes in virulence are often likely to be associated with an antigenic shift, new highly virulent strains will often meet populations where there are many individuals that, although immune to the resident strain, are susceptible to it.
Obtaining empirical information on evolutionary changes in virulence is notoriously difficult and usually requires detailed long-term studies. However, there is evidence to suppose that RHDV has shown sudden shifts in virulence and that both host and pathogen exhibit characteristics which fit the models presented here. Highly virulent RHDV emerged on an aeroplane of domestic rabbits that were flown from Germany to China in 1984 (9) . The virus spread through captive rabbit populations, causing massive mortality, initially in the Far East but then throughout much of Europe, and also invaded the free-living populations of rabbits, causing widespread and massive mortality in Australia, New Zealand, and some European countries. The impact caused by this virulent strain was unprecedented and would no doubt have been recorded in domestic rabbits had it occurred previously. Interestingly, recent molecular epidemiological research has shown that antibody to RHDV and nucleotide sequences of the capsid gene were present in healthy rabbits back to 1955 in the United Kingdom and many years before the appearance of the virulent strain (10) . Assessment of comparative sequence data and phylogenies that examined tree congruency supported by boot-scanning analysis provides good evidence of recombination amongst strains of RHDV and provides a parsimonious explanation for the sudden appearance of virulent RHDV in 1984 (11) . As such, RHDV is a highly virulent disease that emerged rapidly from what appears to be one or more avirulent strains and is a possible example of a pathogen switching from a locally evolutionarily stable, relatively avirulent state to a highly virulent state. Furthermore rabbits, in both domestic and natural conditions, live in highly structured social populations that our model identified could have provided the conditions suitable for a bistability in virulence. Without bistability, a very different strain with such high virulence brought about by recombination should be selected against and lost.
Given the increasing long-distance movement of people and domestic animals around the modern world, our results have important implications for emerging diseases in general. Recombination amongst avirulent (and therefore possibly previously undetected) strains of viruses and other pathogens may produce new virulent strains that may spread through vertebrate host populations because they have shifted to a new evolutionarily stable state. MDM2 binds the p53 tumor suppressor protein with high affinity and negatively modulates its transcriptional activity and stability. Overexpression of MDM2, found in many human tumors, effectively impairs p53 function. Inhibition of MDM2-p53 interaction can stabilize p53 and may offer a novel strategy for cancer therapy. Here, we identify potent and selective small-molecule antagonists of MDM2 and confirm their mode of action through the crystal structures of complexes. These compounds bind MDM2 in the p53-binding pocket and activate the p53 pathway in cancer cells, leading to cell cycle arrest, apoptosis, and growth inhibition of human tumor xenografts in nude mice.
The tumor suppressor p53 is a potent transcription factor that controls a major pathway protecting cells from malignant transformation (1, 2). As such, it is the most frequently inactivated protein in human cancer (3) . In response to stress, the cellular level of p53 is elevated by a posttranslational mechanism, leading to cell cycle arrest or apoptosis. Under nonstressed conditions, p53 is tightly controlled by the MDM2 protein through an autoregulatory feedback loop (4) (5) (6) (7) (8) . p53 can activate MDM2 expression which, in turn, leads to the repression of p53 by three mechanisms. First, MDM2 binds p53 at its transactivation domain and blocks its ability to activate transcription. Second, it is involved in the nuclear export of p53. Third, MDM2 serves as a ubiquitin ligase that promotes p53 degradation (9) . The mdm2 gene has been found amplified or overexpressed in many human malignancies (10, 11) . Therefore, activation of the p53 pathway through inhibition of MDM2 has been proposed as a novel therapeutic strategy (12) (13) (14) . Several recent studies have shown that disruption of the p53-MDM2 interaction by different macromolecular approaches or by the suppression of MDM2 expression can lead to the activation of p53 and tumor growth inhibition (15) (16) (17) (18) (19) . Here, we report the identification of potent and selective small-molecule inhibitors of the MDM2-p53 interaction with in vitro and in vivo antitumor activity.
Historically, it has been difficult to develop small-molecule inhibitors of nonenzyme protein-protein interactions. However, the crystal structure of MDM2 bound to a peptide from the transactivation domain of p53 (20) has revealed that MDM2 possesses a relatively deep hydrophobic pocket that is filled primarily by three side chains from the helical region of the peptide. The existence of such a well-defined pocket on the MDM2 molecule raised the expectation that compounds with low molecular weights could be found that would block the interaction of MDM2 with p53.
To identify compounds that could inhibit p53-MDM2 binding, we screened a diverse library of synthetic chemicals. Several lead structures were identified and optimized for potency and selectivity. One such class was a series of cis-imidazoline analogs that we named Nutlins (for Nutley inhibitor) (Fig. 1A ). These compounds displaced recombinant p53 protein from its complex with MDM2 with median inhibitory concentration (IC 50 ) values in the 100 to 300 nM range. The imidazoline compounds were synthesized as racemic mixtures from which the enantiomers could be separated with the use of chiral columns. As shown with Nutlin-3 ( Fig. 1A) , only one of them, arbitrarily called enantiomer-a, possessed potent binding activity, whereas the other one, enantiomer-b, was 150 times less active.
To investigate the mode of binding of these compounds, we determined the crystal structure of the human MDM2-Nutlin-2 complex (21). The crystals diffracted to 2.3 Å resolution and the structure verified that the inhibitor binds to the p53 binding site on MDM2 (Fig. 1B) . The inhibitor mimics the interactions of the p53 peptide to a high degree, with one bromophenyl moiety sitting deeply in the Trp pocket (Fig. 1, C and D) , the other bromophenyl group occupying the Leu pocket, and the ethyl ether side chain directed toward the Phe pocket. In essence, the imidazoline scaffold replaces the helical backbone of the peptide and is able to direct, in a fairly rigid fashion, the projection of three groups into the pockets normally occupied by Phe 19 , Trp 23 , and Leu 26 of p53 (20) . Thus, this cis-imidazoline may represent a useful small-molecule scaffold to project functional groups similar to a helical peptide.
According to the model for p53 regulation by MDM2 (7) (8) (9) , the treatment of cells with an inhibitor of MDM2-p53 binding should result in (i) stabilization and accumulation of the p53 protein resulting from the blockage of its nuclear export and degradation, (ii) activation of MDM2 expression, and (iii) activation of other p53-regulated genes and the p53 pathway. At the cellular level, these molecular events should cause cell cycle arrest in G 1 and G 2 phases and/or apoptosis. Furthermore, all of the above should occur only in cells with wild-type p53 and not in cells with transcriptionally inactive mutant p53. To determine if the inhibition of p53-MDM2 binding by the imidazoline analogs can translate into activation of the cellular p53 pathway, we studied human cancer cells with wild-type p53 (such as colon cancer lines HCT116 and RKO) that previously have been shown to activate p53 signaling in response to genotoxic stress (22) . Cell lines in which p53 is disabled by mutations or deletions (SW480: colon; MDA-MB-435: breast; and PC3: prostate) served as negative controls.
We first examined the effect of MDM2 inhibitors on the cellular levels of p53, MDM2, and p21
Waf1/Cip1 , a major transcription target of activated p53 (23) . Incubation of exponentially growing HCT116 cells with Nutlin-1 for 8 hours led to a dose-dependent increase in the levels of all three proteins ( Fig. 2A) . In contrast, SW480 cells exposed to the same conditions showed high basal levels of p53 but no detectable MDM2 or p21 (24). Treatment with Nutlin-1 yielded analo- (25) . These results confirmed that wild-type p53 accumulates in cells treated with Nutlin-1 and leads to an elevation in the levels of MDM2 and p21 proteins in a manner that is consistent with activation of the p53 pathway.
To confirm that the accumulation of p53 was due to decreased degradation of the protein rather than elevated expression of the p53 gene, we treated three wild-type p53 cancer cell lines with Nutlin-1 for 8 hours and monitored the expression of the p53 and p21 genes by real-time polymerase chain reaction (PCR) (Fig. 2B) . The transcription of p21 increased in a dose-dependent manner in all cell lines consistent with accumulation of its transcriptional activator p53 (Fig. 2A) . By contrast, transcription of the p53 gene itself was unaffected by Nutlin-1, even at the highest concentration tested (16 M), which caused an 8-to 10-fold induction of p21 mRNA. These data indicate that the Nutlins up-regulate p53 by means of a posttranslational mechanism.
One of the main cellular consequences of p53 activation in proliferating cells is cell cycle arrest in G 1 and G 2 phases. The cyclindependent kinase inhibitor p21 plays a major role in this arrest (22) . Cell cycle analysis of bromodeoxyuridine (BrdU)-labeled HCT116 and SJSA-1 cells revealed increased G 1 (Fig. 2C) . Arrested cells did not show an increase in the mitotic index, indicating that the G 2 /M fraction consists of G 2 phase cells. Similarly, G 1 and G 2 blocks were observed in RKO and SJSA-1 cells but not in the mutant p53 lines SW480 and MDA-MB-435 (25) (26) . The results showed a dose-dependent antiproliferative and cytotoxic activity that differed between cell lines depending on their p53 status (Fig.  2D) . The IC 50 values in the cells with wildtype p53 (1.4 to 1.8 M) were substantially lower compared with those of cells with mutant p53 (13 to 21 M), reflecting the fact that the p53 pathway can be activated only in cells with wild-type p53 (27) . A similar clear separation of activity along the lines of p53 status was observed when five cancer cell lines were tested for the ability to form colonies in the presence of Nutlin-2 (Fig. 2E) .
Further experiments were performed to exclude the possibility that the activation of p53 by Nutlins is independent of their effect on MDM2. The mechanism by which known genotoxic drugs activate p53 involves phosphorylation of the protein on specific serine residues near the MDM2 binding domain. Of these, Ser 15 is phosphorylated most frequently (28) . We therefore analyzed Ser 15 phosphorylation in p53 from lysates of HCT116 and RKO cells treated for 24 hours with Nutlin-1 and two genotoxic drugs, doxorubicin and etoposide (Fig. 2F) . Western analysis revealed that all three compounds induced the accumulation of p53, but only doxorubicin and etoposide caused phosphorylation of Ser 15 . These results suggest that a genotoxic mechanism is unlikely to contribute to activation of p53 by Nutlin-1.
To investigate the specificity of these inhibitors, we used the separated enantiomers of Nutlin-3. As shown earlier, although the two molecules have nearly identical physical and chemical properties, enantiomer-b is 150 times less potent in binding to MDM2 than enantiomer-a (Fig. 1A) . Therefore, the inactive enantiomer serves as a valuable control for non-MDM2-related cellular activities. We treated HCT116 and SW480 cells with the active or inactive enantiomer of Nutlin-3 for 8 hours and monitored the expression of p53, MDM2, and p21 genes by real-time PCR (Fig. 3A) . As previously shown with Nutlin-1 (Fig. 2B) , enantiomer-a induced the expression of MDM2 and p21 (but not p53) only in cells with wild-type p53 (HCT116). Enantiomer-b had no effect regardless of the p53 status of the cells. This result was confirmed at the protein level by Western blotting (Fig. 3B) . Similar results were obtained in the MTT assay (Fig. 3C) . Only the active enantiomer showed a potent antiproliferative activity and clear separation of potency between the cells harboring wild-type p53 and those harboring mutant p53. The potency of enantiomer-b was much lower in the wildtype p53 cells and nearly identical to the potency of enantiomer-a against the mutant p53 cells. This indicated that the low level of cytotoxicity of the imidazoline compounds in cells with mutant p53 is both p53 and MDM2 independent.
Next, we investigated the ability of MDM2-p53 binding inhibitors to induce apoptosis in cancer cells with wild-type p53. SJSA-1 osteosarcoma cells were treated with 10 M of the active or inactive enantiomer of Nutlin-3 for 24 and 48 hours and examined for apoptotic cells by terminal deoxynucleotidyl transferasemediated deoxyuridine triphosphate nick end labeling (TUNEL) staining with flow cytometry (Fig. 3D ) and fluorescence microscopy (Fig. 3E) . Few dead cells were detected during the first 24 hours of incubation with both enantiomers. However, after 48 hours of exposure to the active enantiomer, 45% of the cell population became TUNEL positive (Fig. 3D) . Cells treated with the inactive enantiomer were indistinguishable from the untreated controls. Treatment of SJSA-1 cells with 10 M Nutlin-3 (active enantiomer) in the presence of the pancaspase inhibitor Benzyloxycarbonyl-Val-AlaAsp (OMe) fluoromethylketone (Z-VAD-FMK) for 48 hours decreased the number of dead (propidium iodide-stained) cells from 47 to 5% (26) and substantially reduced the number of TUNEL-positive cells (Fig. 3E) . This result suggests that caspase activation is involved in the Nutlin-induced apoptotic program. Apoptotic figures were also observed in HCT116 and RKO cells treated with the active Nutlin-3 enantiomer; however, these cells were less sensitive than SJSA-1 cells, which have an amplified MDM2 gene (25) .
We also examined the effect of MDM2 inhibitors on the growth and viability of human and mouse normal diploid fibroblasts, which have a functional p53 pathway. In the MTT assay, the active enantiomer of Nutlin-3 inhibited the proliferation of exponentially growing human skin (1043SK) and mouse embryo (NIH/3T3) fibroblasts with 2.2 and 1.3 M IC 50 , respectively, but the cells retained their viability after 1 week of incubation at concentrations as high as 10 M. SJSA-1 cells, treated in parallel, were inhibited with comparable IC 50 (1.5 M) but lost their viability at concentrations above 3 M.
Finally, we examined whether MDM2 inhibitors can suppress the growth of established tumor xenografts in nude mice. For this study, we chose Nutlin-3 and the human osteosarcoma cell line SJSA-1. Nutlin-3 was well tolerated upon oral administration of 200 mg/kg twice a day for 20 days and achieved steady-state plasma levels above its in vitro IC 90 determined in SJSA-1 cells (3.5 M). Nutlin-3 treatment of mice bearing tumors 100 to 300 mm 3 in size resulted in 90% inhibition of tumor growth, relative to vehicle controls (Fig. 4) . The mice did not lose significant weight and did not show any gross abnormalities upon necropsy at the end of the treatment. In a parallel experiment, doxorubicin administered intravenously at its maximal tolerated dose of 10 mg/kg inhibited the growth of SJSA-1 xenografts by 81%.
Inhibition of MDM2 expression by antisense oligonucleotides has recently been shown to activate p53 and suppress tumor growth in mouse xenograft models (18, 19) . However, this approach targeted the expression of the protein and could not distinguish between p53-dependent and p53-independent mechanisms because tumor cells with mutant p53 also responded to the treatment both in vitro and in vivo. The small-molecule inhibitors of MDM2-p53 interaction reported here have shown p53-dependent activity in multiple cellular models, strongly implying that their antitumor mechanism is derived from activation of the p53 pathway. However, the in vivo activity of the Nutlins may not be limited to tumor tissues. Our preliminary evidence suggests that p53 activation may affect xenograft growth by more than one mechanism, including effects on the tumor microenvironment (25) . Although our data strengthen the notion that unleashing the powerful growth suppressive and proapoptotic activity of p53 by MDM2 antagonists is a potentially valuable strategy for treating cancer, further studies are needed to address the true therapeutic potential of the approach. This strategy may be applicable not only to tumors with aberrant MDM2 expression but also to tumors that have retained wild-type p53.
TGF-␤ Signaling in Fibroblasts
Modulates 
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Stromal cells can have a significant impact on the carcinogenic process in adjacent epithelia. The role of transforming growth factor-␤ (TGF-␤) signaling in such epithelial-mesenchymal interactions was determined by conditional inactivation of the TGF-␤ type II receptor gene in mouse fibroblasts (Tgfbr2 fspKO ). The loss of TGF-␤ responsiveness in fibroblasts resulted in intraepithelial neoplasia in prostate and invasive squamous cell carcinoma of the forestomach, both associated with an increased abundance of stromal cells. Activation of paracrine hepatocyte growth factor (HGF) signaling was identified as one possible mechanism for stimulation of epithelial proliferation. Thus, TGF-␤ signaling in fibroblasts modulates the growth and oncogenic potential of adjacent epithelia in selected tissues.
Epithelial-mesenchymal interactions play a critical role in development and cancer progression. In addition to the mesenchymal cell regulation of germ layers during organogenesis, tissue fibroblasts regulate the proliferation and differentiation of epithelial tissues (1, 2) . Transformed stroma can induce malignancy in lung and mammary epithelia (3, 4) , and conversely, normal fibroblasts have been reported to convert malignant epithelia in the prostate and skin to morphologically benign lesions (5, 6) . Known mediators of epithelial-mesenchymal interaction include members of the TGF-␤ family (7) (8) (9) . This family is responsible for context-dependent inhibition or stimulation of cell proliferation and neoplastic transformation (10) (11) (12) . TGF-␤ exerts its effect by binding the TGF-␤ type II receptor (T␤RII) and subsequently recruiting the type I receptor (T␤RI) for downstream cytoplasmic signaling through multiple parallel signaling pathways, including the Smad proteins (13) .
To study the role of TGF-␤ signaling in stromal fibroblasts in vivo, we generated mice conditionally inactive for Tgfbr2, the gene encoding T␤RII. Tgfbr2 floxE2/floxE2 mice, having loxP sites at introns 1 and 2 of Tgfbr2 (14) , were crossed with mice expressing Cre recombinase under the control of the FSP1 (fibroblast specific protein-1; S100A4) promoter [(15); fig S1] . FSP1 is selectively expressed in fibroblasts (16, 17) during development after embryonic day 8.5 (18) . In mice expressing green fluorescent protein (GFP) under the control of the FSP1 promoter, FSP.GFP (16), FSP1-expressing fibroblasts were seen in the interstitial stroma of mature tissues throughout the mouse, including the prostate, forestomach, and skin ( fig.  S1 ). Selective Cre-mediated recombination within the prostate and forestomach stromal
